Introduction
The current swine linkage maps now contain more than a thousand genetic markers Marklund et al. 1996; Rohrer et al. 1996; Mikawa et al. 1999) , providing a powerful tool for searching quantitative trait loci (QTL). Linkage analyses have been conducted between these markers and monogenic and polygenic traits in various populations. The genetic regions responsible for monogenic traits such as dominant white coat colour (Johansson et al. 1992 ) and susceptibility to Escherichia coli K88 (Edfors-Lilja et al. 1995) have been assigned to swine chromosomes 8 and 13, respectively. Quantitative traits with large variation also have been investigated. Andersson et al. (1994) first reported a cluster of loci affecting growth and fatness on chromosome 4. QTLs for carcass and growth traits have been recently assigned to swine chromosomes 1, 4, 7, 10, 13 and X (Knott et al. 1998; Rohrer & Keele 1998a,b; Walling et al. 1998; de Koning et al. 1999; Paszek et al. 1999) . Recent simulation of selection based on the best linear unbiased prediction (BLUP) and marker assisted selection (MAS) revealed an additional 64% genetic gain in the first generation as compared to BLUP only (Meuwissen & Goddard 1996) .
In order to further investigate swine QTL, the construction of a swine resource population was initiated at our institute in 1994 using two Meishan females and a Gö ttingen miniature male. This population, totaling 289 pigs, included 265 F 2 offspring. Members of the family have been scored for eight traits including vertebra number, teat number, birth weight, average daily gains (ADG) at two stages (ADG of 0-4 weeks of age and ADG of 4 -13 weeks of age), body length at slaughter, backfat thickness and backskin thickness. Genomic DNA from these animals was genotyped for 318 markers covering 96% of the genome based on the USDA-MARC linkage map (Rohrer et al. 1996) . In this report, we present the results of a QTL analysis performed on this population.
Materials and methods

Genetic resource
A three-generation family was generated by crossing a Gö ttingen miniature male with two Meishan females. Two F 1 males and 19 F 1 females were inter-crossed to generate a total of 265 F 2 offspring. The family in the present study included animals previously described in Mikawa et al. (1999) and additional 122 F 2 animals.
Genetic markers, genotyping and linkage map
To perform a genome-wide scan for QTL effects, 318 genetic markers were used for genotyping the resource population. Two hundred and forty three genetic markers were those reported in a previous study (Mikawa et al. 1999) , and the Table 1 . Genetic markers used in the present study, in addition to those used by Mikawa et al. (1999) Table 1 . Genetic markers used in the present study, in addition to those used by Mikawa et al. (1999) In this study microsatellite Wada, Akita, Awata, Furukawa, Sugai et al. remaining markers are listed in Tables 1 and 2 . Genotyping was performed as described previously in Mikawa et al. (1999) . A linkage map with these 318 markers was constructed using CRI-MAP 2.4 (Green et al. 1990 ), following the procedure described in our previous study (Mikawa et al. 1999) . Total length of the sex averaged map constructed in this study was 2951·3 cM; the present map is slightly longer than our previous map (2561·9 cM) based on the 243 markers (Mikawa et al. 1999) . A summary of the present linkage map is shown in Table 3 , and the detailed linkage maps are presented at http://ws4.niai.affrc.go.jp/dbsearch3/linkage/ pigniai.html.
Trait measurements
The animals under study were scored for the following eight traits: birth weight, average daily gains at 0 -4 weeks and at 4 -13 weeks, body length at slaughter, teat number, vertebra number, backfat thickness at mid-point of the body length, and backskin thickness at the midpoint of the body length (Table 4) . Birth weights of piglets were recorded within 24 h after birth. Sj003  244  258  Sj028  GATTCAACCCCTAGCCTGG  CATCTCTGTTTAGGTTGCATC  55  1·5  158  182  Sj052  CATTCGACCCCTAGCCTG  AGTACAGTTCCAGAGTCCATAC  55  1·5  103  115  120  115  1·5  55  GCTCTATATCCTATCTGTGA  TTCACCAGTTCATCTCATTC  Sj054  CGTAATTATATGATTGGCTTCAC  Sj055  GAATTCATTTCCAGAAATCCC  55  1·5  128  150  200  180  1·5  55  AAGGTTACCAGCAGGCACA  TTCTTCCTCCCTCCTCACC  Sj063  185  162  1·5  55  TTTCACTCCATCTGCTCCCTA  GCCCTAAAAAGCACACTGTACACA  Sj075  Sj079  278  260  1·5  55  CCCCTCCTAACTCCACTGTG  GATGTGGAGGGGCTCTTCAG  192  Sj080  CCCCAGTAGAATGAAAAAGTTG  167  GAGTGACCAAAGGAATAATCAAC  55  1·5  Sj086  55  1·5  219  235  TGGGAAGAACAGCAGAGAGGAGAG  GTCCTTCCCCTTTCCTGGCTG  TAAGCAACCTAAGTAACCATCG  55  1·5  176  Sj087  198  ATGTTTGACTTGATTCACTTGG  TTTTCCCAGACACATAGGTGTGG  AGAGCAGATGCCAGCAGGTG  55  Sj088  1·5  175  201  GGAGGAGTGGGGTGTTTCTTG  GTGGCTTTAGCAATGTTGAATGC  55  Sj089  1·5  185  195  161  154  1·5  55  TAGTAAACATTCCCTCATCTCAT  GGTGAGTAATGTAATGGAGAGC  Sj091  Sj093  GTTACAGAGAAGAACCAAGAAA  AAATGTTGGGGAGAGTGAAG  55  1·5  145  163  Sj094  ATGAGTGACCAAAGGAATAATC  CCCCAGTAGAATGAATAAGTTG  55  1·5  170  197  GTTTTTCCTCTCCTGTGACTTGG  CCTCCTGTGCCCTCTCCTTC  191  183  1·5  Sj101  55  FTZF1 CTTCAGGGCGCATCCCCACC 55 1·5 *1 *1 GGGACAAGGTGTCTGGCTAC *1, PCR-RFLP marker; when PCR fragment is cleaved with KpnI, two cleavage patterns are observed; 300 bp (no cleavage) and 230+70 bp (cleaved) vertebra number was the sum of thoracic and lumbar vertebra. The teat number was the sum of right and left teats. Phenotypic mean, standard deviation, kurtosis and skewness for the traits of F 2 animals are presented in Table 4 . The absolute values of kurtosis and skewness were relatively small.
Data management and QTL analysis
We have previously developed an animal genome database (Wada & Yasue 1996) and a linkage analysis system (Wada & Yasue 1997) . Data pertaining to pedigree, allele, and traits were stored in the linkage database and the consistency of pedigree and allele data were checked with our system. A least-squares method for the analysis of crosses between outbred lines was used for QTL analysis. This method allows integration of environmental effects into the QTL analysis. Therefore, the environmental effects shown in Table 5 were integrated in the present analysis.
Because the value of the F ratio at which significance is declared cannot be obtained theoretically, we applied the genomewise (experimentwise) permutation test (Churchill & Doerge 1994 ). An empirical 100(1 − a) percentile obtained by 3000 repetition of the permutation process was referred to as an estimated critical value of genomewise significance level of a. The
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Piglets were weaned at 4 weeks of age, and their teat numbers were recorded. Body weights were recorded at 4 and 13 weeks of age. Males were slaughtered at 13 weeks of age, while females were slaughtered after the first oestrus cycle. The Wada, Akita, Awata, Furukawa, Sugai et al. critical value of a= 0·01 was used to detect the presence of a QTL somewhere in the genome so that the type I error rate may be 0·01 or less.
We applied the bootstrap testing method (Visscher et al. 1996) to calculate confidence intervals for QTL locations. The number of bootstrap samples was 3000 and 95% confidence intervals were calculated for all locations of genomewise significant QTLs.
Results and discussion
In the present study, a resource population has been constructed based on two Meishan females and a Gö ttingen miniature male. The population including 265 F 2 offspring were subjected to QTL analysis for eight traits, i.e. birth weight, growth rates at two stages, body length at slaughter, teat number, vertebra number, backfat thickness, backskin thickness. QTLs for birth weight, ADG of 4-13 weeks, teat number, vertebra number, backfat thickness, and backskin thickness were demonstrated, whereas no significant QTLs were detected for ADG of 0 -4 weeks and body length at slaughter. The results of the analysis are summarized in Table 6 , and the 95% confidence intervals for the QTLs by bootstrap testing are shown in Fig. 1 . Ten QTLs were detected in total with a genomewise significance level of 0·01. Two QTLs for vertebra number were found on chromosomes 1 and 2. Two QTLs for teat number were on chromosomes 1 and 7. A QTL for birth weight was on chromosome 1. Two QTLs for ADG from 4th to 13th week (ADG of 4-13 weeks) were on chromosomes 9 and 10. Two QTLs for backfat thickness were on chromosomes 7, and a QTL for backskin thickness was on chromosome 3.
Identified QTLs for teat number on chromosome 1, ADG of 4 -13 weeks on chromosome 9, backfat thickness on chromosome 7, and backskin thickness on chromosome 3 had highly significant additive effects and no significant dominance effects (Table 6 ). QTLs of vertebra number on chromosome 2 and ADG of 4-13 weeks on chromosome 10 had highly significant dominance effects and no significant additive effects (Table 6 ). Putative QTLs for ADG of 4-13 weeks on chromosome 10, backfat thickness on chromosome 7 and backskin thickness on chromosome 3 explained 17·39, 18·05, 17·8 and 15·29% of F 2 phenotypic variance, respectively. The remaining putative QTLs explained variance in the range of 8·50-14·37% (Table 6) . Rohrer & Keele (1998b) reported a putative QTL for carcass length on chromosome 1. The previously reported region corresponds to the QTL region for vertebra number in this study. The same direction of additive effects was found for the QTLs affecting vertebra number (this study) and carcass length (Rohrer & Keele 1998b) on chromosome 1. Based on these observations one may raise a possibility that the same gene(s) on chromosome 1 influenced vertebra number and carcass length. However, in the present study, no QTL for body length at slaughter, which is closely related to carcass length, was detected in this region. Therefore, it is surmised that the QTL for vertebra number is different from that for carcass length.
A QTL for birth weight has been reported on chromosome 1 (Knott et al. 1998) . However, the location of the QTL reported by Knott et al. (1998) was different from that reported in this study. Therefore, these QTLs are surmised to be population-specific.
Because growth rate is an important trait for animal production, many studies have reported QTLs on this trait Knott et al. 1998; Walling et al. 1998; Wang et al. 1998; Paszek et al. 1999) . At least 10 QTLs for growth have been detected, and some of those have been found in specific experimental pig populations. However, because growth measurements are often different from one study to another, it is difficult to directly compare the QTLs. The QTL on chromosome 10 affecting the ADG of 4 -13 weeks was found in the same region as the QTL for the first-rib backfat reported by Rohrer & Keele (1998a) . This may indicate that the ADG of 4 -13 weeks and the deposition of fat at the first-rib back are corre-QTL analysis in a Meishan× Gö ttingen cross population Fig. 1 . Confidence intervals of bootstrap testing for six traits, i.e. birth weight, ADG of 4 -13 weeks, teat number, vertebra number, backfat thickness and backskin thickness based on 95% confidence level. a, vertebra number; b, teat number; c, birth weight; d, backskin thickness; e, backfat thickness, and f, ADG of 4-13 weeks.
Fig. 2.
F ratio (likelihood ratio test statistics) curve for backfat thickness on chromosome 7 and two lines of genomewise significance level from the permutation test (P B0.05 and PB 0.01). Wada, Akita, Awata, Furukawa, Sugai et al. lated. The ADG of 4-13 weeks QTL on chromosome 9 in the present study does not correspond to previously reported QTL for growth rate or other related traits.
Two QTLs for backfat thickness were observed on chromosome 7 (Table 6 ). The regions containing the QTLs on chromosome 7 are in agreement with that of QTL reported earlier by Rohrer & Keele (1998a) , on the basis of a similar twin peak pattern and its position (Figs 1 and 2 ). In addition, de Koning et al. (1999) reported QTL for backfat thickness at the same region with an F ratio profile similar to that in the present study. Taken together, these findings indicate that the QTL segregate consistently between Meishan and other breeds. The two separate confidence intervals for QTL in our study implies that there are at least two genes involved in backfat thickness on chromosome 7. However, more markers between the two peaks will be required to dissect the QTLs more clearly.
In conclusion, we have detected a total of 10 QTLs in this study. New QTLs were identified for teat and vertebra numbers, and backskin thickness. We have detected QTLs for growth rate and backfat thickness in genetic regions reported previously as well as new genetic regions, which could result from the use of a different population from those used in other studies.
We are now analysing other interesting swine traits such as the weight of internal organs, including liver and heart, and cholesterol content in the blood.
